Feline leukemia virus (FeLV) is a horizontally transmitted retrovirus which is a natural etiological agent of leukemia in domestic cats (13) . FeLV contains a diploid RNA genome, each strand encoding the three genes (gag, pol, and env) necessary for viral replication. The gag gene encodes the structural proteins of the virion core; the pol gene encodes an RNA-dependent DNA polymerase; and the env gene encodes the envelope glycoproteins of the virion surface (2) . Three subgroups of FeLV differ from one another in their host range, neutralization, and viral interference, all of which are properties of the env gene product (38) . Like other retroviruses, FeLV replication depends on the formation of a DNA provirus which integrates into the DNA of the infected host cell (53) . Although the order of genes in the DNA provirus is colinear with that of viral RNA, retroviral DNA intermediates differ at their ends from viral RNA by the presence of long terminally redundant sequences (LTRs), formed during the process of reverse transcription (reviewed in references 51 and 52) .
In the present study, we determined the nucleotide sequence of 2,565 base pairs representing a segment of a previously cloned FeLV (subgroup B) DNA intermediate (46) . The sequenced region includes a portion of the 5' LTR, the gag leader, the complete gag gene, and 389 base pairs of the pol gene. The results were interpreted partly by comparison with those previously obtained with the Moloney strain of murine leukemia virus (Mo-MuLV) (8, 47) and with two previously sequenced strains of feline sarcoma virus (FeSV) (17) .
MATERIALS AND METHODS
The molecular clone of FeLV DNA was previously characterized by restriction enzyme mapping and heteroduplex analyses (46) . The recombinant X-WES phage was produced in liquid culture, and the cloned DNA insert was isolated after release from the vector with EcoRI. A subgenomic EcoRI-PstI fragment representing a portion of the 5' LTR, the gag gene, and a portion of the pol gene was purified, and its sequence was determined from the EcoRI site to an MboII site 2,565 base pairs downstream. The nucleotide sequence was established by the Maxam and Gilbert method by using five specific reactions of G, AG, CT, C, and AC (19, 27) (Fig. 1) . Except for one case, 5' end labeling was performed. For one of two hydrolyses done with HinflSau3A, 3' end labeling was undertaken with a mixture of [a- 32P]dATP and unlabeled dGTP in the presence of DNA polymerase I. The complete sequence of both strands was determined by using a variety of different end labels such that all labeled termini appeared as internal sites within other sequenced fragments.
RESULTS AND DISCUSSION
Organizational landmarks. The nucleotide sequence of the cloned FeLV DNA fragment is presented in Fig. 2 . By convention, the cap site corresponding to the 5' end of FeLV RNA was numbered + 1. Sequences upstream of the cap site include a portion of the U3 region of the viral 5' LTR (16) . These contain the CAAT box (positions -74 to -66) and the Hogness box (positions -31 to -25), characteristic of eucaryotic promotors (reviewed in reference 51). As previously reported (16) (20) . Among them, two stretches at the p30 level have a maximum hydrophilicity (positions 1823 to 1838 and 1856 to 1874; H.V. = +3); they appear to be duplicated zones, as has been described in murine retroviruses (33, 47) . At the p15 level, the sector of maximum hydrophilicity (positions 650 to 665; H.V. = +2.25) is situated in a block of homology (Fig. 2) ; another hydrophilic zone (positions 740 to 764; H.V. = + 1.04) indeed contains the hypothetic glycosylation site. At the p12 level the maximum hydrophilicity sequence (positions 1109 to 1127; H.V. = +2.3) is also situated in a block of homology and could be connected with the phosphorylation site (see below). plO also has a sector of maximum hydrophilicity (positions 1922 to 1940; H.V. = +3) in a zone which is only partially homologous with the corresponding one for Mo-MuLV (Fig. 2) .
Comparison of the FeLV and FeSV gag genes. The SnyderTheilen (ST) and Gardner-Arnstein (GA) strains of FeSV arose by recombination between FeLV and protooncogene sequences in cat cellular DNA (14, 48) . Both sarcoma viruses contain a truncated gag gene which is fused in frame to the viral oncogene sequences required for transformation (17) . The FeLV subgroup B analyzed in these studies was molecularly cloned as the natural helper virus of ST-FeSV. The natural FeLV helper of GA-FeSV has been cloned by others (29) , and portions of its sequence, not including the gag gene, have been reported (11). Figure 2 shows that the ST-FeSV gag sequence ends after nucleotide 1457 and that of GA-FeSV ends after nucleotide 1611. In the region where ST-FeSV, GA-FeSV, and FeLV gag sequences could be compared, only six base changes (transitions) between FeLV subgroup B and ST-FeSV were found, four of which lead to amino acid differences. By contrast, 84 base differences (with 69 transitions) were detected between FeLV subgroup B and GA-FeSV, leading to 16 amino acid changes. The latter include 10 alterations in the signal peptide, 3 within p15 and 3 within p12.
Although ST-and GA-FeSV represent independent isolates, they appear to have arisen from a single recombination event between FeLV and c-fes protooncogene sequences, since the 3' FeLV/v-fes recombination sites are identical in both strains (17) . Subsequent deletion and mutational divergence and recombination with the replication competent FeLV helper could explain the strain-specific differences between the two sarcoma viruses. Another hypothesis remains, as suggested by hybridization and immunological studies (36) : independent FeSV isolates could have arisen from different FeLV subgroups. If this were the case, the unique 3' FeLV/v-fes recombination site would be an intriguing datum which could be explained by additional work on the mechanisms of recombination. In any case, the answers to these questions deserve further investigation.
Comparison with the Mo-MuLV sequence. In regions where there is no ambiguity in the relative position of the FeLV and MuLV sequences (Fig. 2 In general, the percentage of nucleotide homology exceeds 50% for p15, p12, and plO and 60% for p30 and the part of the pol gene studied. The data are consistent with the hypothesis that FeLV was ancestrally derived from viruses of rodent origin which were horizontally transmitted between different species (3).
The overall percentages of amino acid homology with MoMuLV are ca. 43.5% for the signal peptide, 66.5% for p15, 56% for p12, 68% for p30, 55% for plO, and 77% for the first 128 pol residues. The blocks of complete homology are not very great for the signal peptide (Fig. 2) . Apart from the first three amino acids and other groups of two or three residues, there are entire portions without homology. The only extended homology within the signal peptide (90%) runs from the serine at nucleotide position 467 to the valine at position 500. However, besides these changes in amino acid sequence, the hydrophobicity of the sequence coded by nucleotides 497 to 556 is highly maintained. There are four blocks of extended amino acid homology within p15 which include the first uncharged 12 amino acid residues and FeLV sequences 632 to 674, 704 to 731, and 764 to 812. Comparison with the polypeptide sequences of the Rauscher strain of MuLV and Mo-MuLV p12 shows at this level a first block of 85% homology (positions 1007 to 1043) which ends with ProProProTyr. This tyrosine might be the only phosphorylation-mediated p12 nucleotidylation point (57) . There is another block of homology (75%; positions 1094 to 1127) including two serines and an intriguing hydrophilic zone seven amino acids long (from serine at position 1106) which includes four arginines (H.V. = +2.3, the maximum for p12); although not already described (reviewed in references 24, 34, 43, and 49), a phosphorylation sector could be hypothesized at this level. Figure 2 shows that the entire p30 (Fig. 2) . b -a is the difference between the sum of His, Lys, and Arg and the sum of Glu and Asp (6); b + a is the sum of the whole. YpK/'IfRd is the ratio of the sum of the free acid and basic radical pK to the total number of these radicals (it is a case of global appreciation of the degrees of acidity or basicity, taking into account the dissociation constants of the free radicals). The isoelectric points indicated are values published for FeLV (50) . The methionine at the beginning of P75 (gPr80Oa9), Pr659aa, and the leader peptide, and that observed at the beginning of p15, are excluded from the calculation of the molecular weights of the latter polypeptides. The methionine at the beginning of p15 has been included in the leader peptide. The molecular weights of p15, p12, p30, and plO do not equal Pr65 because the carboxy terminus of the predicted gag polyprotein is four amino acids longer than the carboxy terminus of plO, as it is in Mo-MuLV (Fig. 2) . The major antigenicity of plO is group specific with strong interspecific determinants (reviewed in reference 9), possibly located within the conserved region. The conserved region could functionally correspond to the site of fixation of plO with the viral RNA (18 (Fig. 3) . In the case of Mo-MuLV, a stem and loop visualized by electron microscopy was localized between the 5' end of viral RNA and the stable linkage point of the two RNA subunits (31) . This location appears to correspond to that predicted for FeLV. Overall, the first 500-base region of FeLV RNA could generate a secondary structure similar to that described for Rous sarcoma virus, physically linking the cap site, possible ribosome-binding site, and initiation codon of the gag gene (7 A third stem-and-loop structure proposed between nucleotides 2060 and 2124 (Fig. 3) includes the gag-pol junction. It constitutes the most stable predicted structure (-37.9 kcal [ca. -158.6 kJ]) apart from the first 500 bases of viral RNA. This zone is very homologous with Mo-MuLV in nucleotides (79%) but less so in amino acids (50%).
The gag-pol junction. Reverse transcriptase is thought to arise from the posttranslational processing of a large polyprotein (PrlWgag-PoI) encoded by the gag and pol genes of full-genome-length mRNA. In the case of MuLV, the gagpol polyprotein is presumed to be generated by in-frame suppression of the gag gene stop codon, allowing translation to continue into the pol sequences (30, 35) . By contrast, in vitro translation of Rous sarcoma virus RNA in the presence of suppressor tRNA resulted in the synthesis of a polyprotein only slightly longer than the gag-coded precursor (58) . Recent nucleotide sequencing indeed showed that the RSV gag and pol genes are in two different reading frames separated by 20 nucleotides (40). Numbered sequences correspond to the DNA (+) strand and its numbering (Fig. 2) . Numbers give the position of the first and last letter of each pattern or group of patterns. For palindromes the unnumbered complementary chain has been added opposite. The structure which runs from positions 28 to 39 is made up of two overlapping palindromes, each of which is indicated by a thick line.
Like RSV, the FeLV gag and pol genes are in different reading frames, suggesting that pol is translated from a processed mRNA. One possibility is that the pol gene product is synthesized from a spliced mRNA molecule in which the gag and pol genes are fused in frame. A possible splice acceptor sequence around nucleotide 2117 (CCCCCCCCCCTGAG ) (28, 42, 44) occurs close to the gag-poljunction. However, no typical donor groupings were found in the same region of the FeLV genome. The closest consensus sequence for a potential splice donor occurs around nucleotide 2017 within plO (TGG a GTTCGC-3') and shows only limited homology (four of nine bases) to expected donor sequences (RAG I GTGAGT) (28) . Taking into account the proposed splice acceptor, the latter donor site could place the reading frames into continuity without producing a major deletion of gag sequences.
Another possibility is that a tRNA-specific splicing enzyme might recognize a stem and loop like that proposed at the gag-pol junction ( Fig. 3; see above) and produce an excision which shifts the reading frame (1, 23, 47) , similar to what has been observed with other tRNA-specific enzymes (reviewed in reference 15). Although the latter represents a novel mechanism for frame suppression in translation of retroviral RNA, like splicing, it is compatible with the expected size of the gag-pol precursor and with the inability to detect subgenomic mRNA species which could account for a unique pol mRNA species. Regardless of the exact mechanism, the nucleotide sequences of both FeLV and RSV emphasize that the modes of translation of retroviral polymerases deserve further investigation.
